SI-2: Mechanism of Electrostatic-Spray Ionization

• Physical Parameters:
Dielectric Constants (ε r ) of polyimide, silica, polypropylene and PMMA: 3.5, 3.9, 2.2-2. 36 [1]: ε r of polyimide is provided by DuPont for its product of Kapton® polyimide 125 μm thickness; ε r of silica and polypropylene are obtained from Wikipedia http://en.wikipedia.org/wiki/Relative_permittivity; ε r of PMMA is from Tesla Coil Mailing List http://www.pupman.com/listarchives/1998/April/msg00337.html. All these values correspond to a condition of room temperature and 1 kHz.
[2] J. Chem. Eng. Data 1995,40, 611-614; values for 25 °C.
• Physics Background Two capacitors in series:
The equivalent capacitance for the whole system is given as:
C eq = C 1 C 2 /(C 1 + C 2 ), when C 1 << C 2 , C eq = C 1 ; when C 2 << C 1 , C eq = C 2 .
RC circuit
The current decrease with time is given as:
where RC is the time constant (τ).
Capacitance for parallel-plate model:
A!
d!
The capacitance for parallel-plate capacitor is given as:
ε is the permittivity of the insulator that can be calculated as ε r × ε 0 , where ε 0 is the permittivity of vacuum. A is the area of the plate, and d is the distance between two plates.
Capacitance for Cylindrical Capacitor:
The capacitance for cylindrical capacitor is given as:
Electric field on the surface of a solid charged sphere
where r is the radius of the sphere.
• Mechanism of ESTASI ESTASI occurs when the electrostatic pressure at the tip of the emitter is larger than the Laplace pressure. The electrostatic pressure is a function of the surface charge accumulation
where σ is the surface charge density. If the tip of the emitter, e.g. at the Taylor cone, is assumed to be hemispherical, the Laplace pressure is simply given by
Therefore, small emitter microchannel radius and small liquid surface tension are preferred to realize ESTASI.
Similar as native ESI, there is also an onset voltage for ESTASI. The value of this onset voltage is influenced by the capacitances of the two capacitors illustrated in scheme 2. Before the ESTASI happens, the system is two capacitors in series. The first capacitor is with a constant capacitance (C 1 ) during experiments when a specific emitter is selected. The capacitance of the second capacitor (C 2 ) varies with the distance between emitter tip and MS inlet. The equivalent whole capacitance (C eq ) of the system is: C eq = C 1 C 2 /(C 1 + C 2 ). Upon application of a high voltage U, the maximum charge on the second capacitor representing the tip of the emitter is UC eq . By placing the emitter far from the MS inlet, C 2 becomes very small. C eq is then equal to C 2 , and the maximum charge at the tip of the emitter is UC 2 . Since C 2 is very small, this charge is too small to induce electrospray. By placing the emitter close enough to MS inlet, C 2 cannot be neglected and the charge at the tip is UC eq , which must be large enough to onset the spray if the ESTASI can happen.
In the case of parallel plate capacitor,
Therefore, small distance between plates, large plate area, and large dielectric constant for insulator will result in large capacitance of the first capacitor, and are preferred for the ESTASI.
In the case of cylindrical capacitor,
Therefore, large length, small b/a ratio, and large dielectric constant for insulator are preferred for the ESTASI.
When this condition is realized, ESTASI happens and the second capacitor can be considered as a leaky capacitor with a diode in parallel, therefore is a resistance (R). The system is then a RC circuit, with the time constant (τ) of:
i) in the case of parallel plate capacitor:
ii) in the case of cylindrical capacitor
The current of this RC circuit decrease with time is then expressed as:
• Case studies
i) ESTASI with polyimide microchip
In the case of microchip ESTASI, the microchannel for electrospray is with a cross section dimension of 50 μm × 100 μm. The first capacitor is formed by two plates and an insulator: the first plate is a band carbon electrode with the surface area of 50 μm × 5 mm; the insulator is polyimide with the thickness of 2 mm; and the second plate is electrolyte solution in microchannel, which is larger than the first plate (scheme 1(a)). The solvent for spray is 50%water/50%methanol
For an approximate calculation, the parallel-plate model is used, and the capacitance of the first capacitor C 1 is calculated as ~4 fF. Under a high voltage of 6 kV, UC 1 is ~20 pC. This charge is the maximum theoretical charge on the second capacitor, when C 2 is much larger than C 1 .
If a hemispherical droplet is formed at the tip of emitter with a radius of 50 µm, the maximum surface charge density (σ) on the droplet can reach 1.3 mC/m 2 , resulting in an electrostatic pressure of 100 kPa. The Laplace pressure is 1.4 kPa for a droplet with the radius of 50 µm and surface tension of 0.035 N/m (50% water 50% methanol), which is much smaller than the electrostatic pressure. Therefore, the ESTASI can happen under this condition. However, a larger carbon band electrode and a smaller distance between the electrode and the microchannel will benefit the ESTASI.
Scheme SI-2.1. Microchip with electrode integrated in the microchannel.
The resistance of electrospray during ESTASI should be same as that of native ESI if the emitter geometry and the distance between emitter and the MS inlet keep constant. We have fabricated a microchip with a microchannel for ESI integrated with a carbon electrode (scheme SI-2.1) holding similar geometry as the microchip used for ESTASI in scheme 1(a). During experiments, the voltage applied for native ESI was 4 kV, and the current measured by an amperometer was around 0.1 μA. Therefore, the resistance of electrospray during ESTASI from microchip can be estimated with a value around 40 GΩ.
The time constant (τ) is then ~0.16 ms for microchip ESTASI. The value is very small and did not limit our experiments. The experimental time constant is in the order of 0.1 s and stems mainly from the rise time of the switch box system. Indeed, the maximum operation frequency of ESTASI in our lab was 5 Hz limited by the switch box.
ii) ESTASI with silica capillary
In the case of capillary ESTASI, silica capillary with inner diameter of 50 μm and outside diameter of 360 μm was used, and the solvent for spray was 50%water/50%methanol. The C 1 is then calculated as ~200 fF with a cylindrical capacitor model where the length is 2 mm and the insulator is silica. Under a high voltage of 6 kV, UC 1 is ~1 nC.
Assuming that a hemispherical droplet is generated with the radius (r) of 25 μm at the end of the channel, the maximum surface charge density (σ) on the droplet can reach 0.25 C/m 2 , resulting in an electrostatic pressure of 3 GPa, which is very large. Therefore, the ESTASI can happen under this condition.
By experiments, we also estimated the resistance of electrospray performed with silica capillary as ~70 GΩ. And then the RC time constant is ~14 ms, still very small and not limiting the practice.
iii) ESTASI with micropipette tip
In case of ESTASI from micropipette tip, the capacitance of the first capacitor can still be calculated with the cylindrical capacitor model as ~600 fF, where L is 2 mm, a is 200 μm, b is 300 μm and ε r is 2.3. Therefore, UC 1 is ~4 nC. The hemispherical droplet formed at the tip of emitter was large with a radius of ~100 μm. The maximum surface charge density (σ) on the droplet can reach 0.06 C/m 2 , resulting in an electrostatic pressure of 200 MPa, large enough to induce ESTASI. In the case of ESTASI from microdroplet deposited on a PMMA plate, the capacitance of the first capacitor can be easily calculated by the parallel plate mode as ~10 fF, where the surface area for electrode is π/4 mm 2 , the thickness of PMMA plate is 2 mm. The charges are separated in the droplet with negative charge at the bottom and positive charge on the top, scheme SI-2.2. It is hard to know the radius of the positively charged part on the droplet, which should be very small in principle to keep a largest distance from the electrode and a smallest distance to the MS inlet. Since the UC 1 is ~60 pC, the positively charged droplet should be with a radius smaller than 340 μm to be sprayed, where the surface tension is 0.07201 N/m for pure water.
Of course, decreasing the thickness of the PMMA plate can benefit the ESTASI. Indeed, we have also tried PMMA plate with thickness of 1 mm and 0.5 mm, where ESTASI was easily realized. 
SI-4: Limit of detection of native ESI with a microchip emitter or with the commercially equipped ESI source
The limit of detection (LOD) was characterized by looking for a certain amount of sample that could generate a peak on the mass spectrum with signal-to-noise ratio (S/N) of 3. Since there is normally a sudden MS signal drop during the decrease of sample concentrations, it is hard to obtain an exact value for the LOD. We decreased or increased the sample concentration by 5 nM each time during the experiments.
Therefore, we could determine the LOD in a range of X nM to X+5 nM, when X nM of sample generated a peak on MS but with a S/N smaller than 3 and when X+5nM of sample generated a peak on MS with a S/N larger than 3. It was also possible to obtain the LOD in a range of X−5 nM to X nM, when X nM of sample generated a peak on MS with S/N larger than 3 and when X−5 nM of sample did not generate a peak on MS.
The microchip shown in scheme SI-2.1 was used as emitter for native ESI, where the cross-section of the microchannel is 100 µm × 50 µm. MeOH/49% H 2 O/1% acetic acid. The ions were generated by native ESI with the standard commercial ionization source from Thermo Scientific. The ionization was performed under optimized condition: 3 µl/min sample infusing flow rate, 3.7 kV for ESI and 5 psi of nitrogen sheath gas pressure.
SI-5: ESTASI MS and native ESI MS analysis of large proteins.
Large proteins of bovine serum albumin (BSA) and bovine lactoferrin were analyzed by both ESTASI MS and native ESI MS. The ESTASI MS was performed with the microchip in scheme 1(a) under a high voltage of 6 kV. Pulse sequence parameters were set to: t 1 =t 4 =0.05 s, t 2 =0.25 s and t 3 =0.15 s. A solution of BSA (15 µM 
